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ABSTRACT 
Spatial location within aggregations (i.e. periphery, central) is of biological 
significance to gregarious animals. Because these positions are a potential consequence 
of consistent individual behavioral differences, or personality, a better understanding of 
potential mechanisms concerning personality is central to predicting an individuals’ 
location. To determine the effects of individual personality on the dynamic spatial 
positioning of Uca pugilator while herding, field data collection and agent-based 
modeling were employed. Individuals were assayed to establish their personalities and 
returned to the field for observation as a means of identifying location preference within 
selfish herds. There was a significant difference between the extreme personalities and 
the proportion of time spent on the edge of the herd. The active individuals were at the 
periphery ~50% more of the time than less active individuals. An individual-based model 
qualitatively replicated these field results by applying the mechanism of activity level as 
an indicator of individual personality. This suggests that differences in personality-
dependent movement are sufficient to explain the spatial positioning of individuals within 
selfish herds. This study enhances our understanding of the possible mechanisms that 
govern group movement, and has implications for modeling population dynamics that can 
be influenced by individual personality.  
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CHAPTER 1 
INTRODUCTION1 
Consistent individual variation in behavior (i.e. animal personality) has been 
documented across a wide range of phyla, including animals with various levels of 
complexity (Bell and Sih 2007, Briffa et al. 2008; Briffa and Weiss 2010; Kurvers et al. 
2010; Briffa and Greenaway 2011; Ducatez et al. 2012).  This behavioral variation can 
have repercussions for individuals, populations, and communities (Smith and Blumstein 
2008; Dingemanse et al. 2010; Schuett et al. 2010; Briffa and Greenaway 2011). Wolf 
and Weissing (2012) provide a comprehensive inventory of these consequences of 
individual variation; for example, individual personality can influence life history 
parameters and fitness through differential use of resources and environment, community 
structure through cascading effects originating from species interactions, and the 
distribution of individuals or populations within habitats through differential movement 
patterns inducing spatial formations.  
Several taxa that are known to display individual personalities make use of social 
grouping (e.g., herding, shoaling, flocking) and personality can yield different individual 
consequences within these groups (Cote et al. 2012). For instance, personality influences 
the level of activity within the larger group, such as movement, affecting spatial position 
and thereby possible foraging success or predation risk (Hirsh 2007; Wolf et al. 2007). 
                                                 
1 Knotts ER, Griffen BD. 2016. Behavioral Ecology and Sociobiology. 70:639-46. Reprinted here with 
permission of publisher. 
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This in turn can result in personality-specific fitness (Dingemanse et al. 2004; Stamps et 
al. 2007; Smith and Blumstein 2008; Wilson et al. 2010; Cote et al. 2012). 
Individual movement within social groups is generated by dispersal decisions or 
interactions at the individual scale (Couzin and Krause 2003; Clobert et al. 2009; Cote et 
al. 2010). Further, an individual’s location within a group carries with it specific costs 
and benefits (Hirsh 2007). For example, according to the selfish herding theory 
(Hamilton 1971), aggregations form to reduce the likelihood of being captured by a 
predator because risk is spread among more individuals. Hamilton (1971) considered 
individuals at the periphery of the group to be at the highest risk of “marginal predation” 
(Vine 1971; Viscido et al. 2001; Viscido and Wethey 2002). Theoretical and empirical 
evidence demonstrate peripherally located individuals in a variety of system (e.g. spiders, 
mussels, shoaling fish, beetles, tadpoles) are at greater risk (Okamura 1986; Rayor and 
Uetz 1990; Bumann et al. 1997; Hirsh and Morrell 2011; Morrell et al. 2010).  For 
example, Romey et al. (2008) used bass and goldfish predation on either whirligig beetles 
or tadpoles to empirically demonstrate that, even with predators moving in three-
dimensional space and prey in two dimensions, predators were significantly more likely 
to attack the periphery. Therefore, if herding behavior reflects solely an attempt to reduce 
predation risk, all individuals may be expected to maximize the number of conspecifics 
between themselves and the potential attackers by seeking a position in the center of the 
group (Hamilton 1971; Vine 1971; Morrell et al. 2010). However, benefits such as 
resource acquisition are also highest at the periphery of a herd (Krause 1994; Hirsh 
2007).  Given that personality affects individual traits, such as risk-aversion or 
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movement, an alternative expectation is that location within a herd will be personality-
dependent (Smith and Blumstein 2008; Cote et al. 2010).  
Available evidence from a variety of systems appears to support personality-
dependent positioning within groups, with a result that personality can play an important 
role in determining group spatial dynamics and structure (Dyer et al. 2009; Cote et al. 
2010; Cote et al. 2012; Keiser et al. 2014). For instance, personality influences individual 
spatial distribution in sheep (Michelena et al. 2009; Sibbald et al. 2009), geese (Kurvers 
et al. 2010), and fish (Cote et al. 2012). Bold individuals are more likely to split from the 
group and explore the environment while shy individuals have a higher tendency to 
remain close to one another (Kurvers et al. 2010; Michelena et al. 2009; Sibbald et al. 
2009). As a consequence, individual personality may yield emergent group properties, 
such as bold individuals leading the group with shy individuals following (Dyer et al. 
2009; Harcourt et al. 2009).  
The use of behavior rules that guide decision making has been widely examined 
empirically (Viscido and Wethey 2002; Viscido et al. 2005; Ballerini et al. 2008b) and 
assumed in theoretical studies of animal movement and group dynamics (Couzin et al. 
2002; Couzin and Krause 2003; Sumpter 2006; Ballerini et al. 2008a; Giardina et al. 
2008).  Two deficiencies exist when trying to use these behavior rules to understand 
group dynamics influenced by individual personality. First, existing collective behavior 
models employ a limited set of rules used by all individuals equally: do not collide with 
the nearest neighbors, move in the same direction as the nearest neighbor, and remain 
near conspecifics (Couzin et al. 2002).  Models have demonstrated various movement 
rules capable of being used during collective herding as a function of predation risk 
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(Viscido et al. 2002; James et al. 2004; Reluga and Viscido 2005), and Morrell et al. 
(2010) used these model frameworks to demonstrate the effectiveness of those movement 
rules in reducing predation risk for specific spatial positions (i.e. central, peripheral). 
However, none of these models demonstrating movement rules include personality-
dependent behavior rules. Second, because personality-dependent behavior rules have not 
been used, the mechanisms leading to personality-dependent spatial positioning remains 
unclear. Does this positioning reflect active decision making (e.g., do individuals with 
certain personality types choose to remain on the periphery of a group), or is spatial 
position an emergent property of movement rules that is independent of active choice? 
In this study, we examine the effects of personality on individual spatial dynamics 
of Uca pugilator, the sand fiddler crab. U. pugilator is common in sandy and muddy 
marsh habitats along the east coast of North America (Crane 1975). It exhibits selfish 
herding, where individuals bunch more closely together when threatened (Morrell et al. 
2010; Viscido and Wethey 2002). This reduces an individual’s own theoretical predation 
risk, but creates unequal protection, with increased risk at the periphery of a herd when 
predators attack from the outside (Viscido et al. 2001; Viscido and Wethey 2002; Morrell 
et al. 2010). Common predators of U. pugilator include feral hogs (Wood and Roark 
1980), clapper rails and willets (Viscido et al. 2001), raccoons (Whitten 2014), and the 
fiddler crab Uca minax (Pratt et al. 2002).  Each of these predator species attacks by 
running swiftly at herding fiddler crabs from the outside.  Thus, predation risk should be 
greater for fiddler crabs on the periphery of a herd than for those in the center.  
Individual personality can be measured by various traits (e.g. sociability, 
exploration/activity level, boldness).  Activity level and boldness are often positively 
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correlated within individuals (Fraser et al. 2001; Wilson and McLaughlin 2007; Pintor et 
al. 2008; Wilson and Godin 2009; Cote et al. 2010; Wilson et al. 2010; Cote et al. 2013), 
leading some researchers to use activity level or exploratory behavior as a proxy for 
boldness (Leblond and Reebs 2006; Reale et al. 2007; Wilson et al. 2010).  In our study 
system, individual crabs are consistently bold in their willingness to take risk and are 
consistent in their activity levels, however, these two personality traits (boldness and 
activity level) are not correlated within the same individual crab (Decker and Griffen 
2012).  While either of these personality traits could conceivably influence spatial 
positioning within a herd, we focus in this study on activity level, as we reasoned that it 
was the aspect of personality that was most likely to yield personality-dependent 
movement rules that could govern spatial location within a herd. 
The purpose of this study was to investigate the spatial positioning of individual 
personalities in U. pugilator herds, and to assess whether individual placement in a herd 
can be explained without relying on active choice by individuals. We tested the 
hypothesis that active individuals will be found more frequently on the periphery and less 
active individuals will be found more frequently within the interior of a group.  We also 
tested the hypothesis that this expected pattern does not rely on conscious choice of 
individual crabs regarding their spatial location in a herd, but that it can be produced as 
an emergent property of individual differences in activity level alone. We tested these 
hypotheses using a combination of lab measurements of personality type (i.e., activity 
level), field observations of the locations of marked and released individuals within a 
herd, and computer simulation modeling. 
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CHAPTER 2 
MATERIAL AND METHODS 
2.1 STUDY SITE AND FIELD COLLECTIONS 
This study was conducted between June and August 2014 in North Inlet Estuary 
(33°19’36.83”N, 79°12’23.76”W) in Georgetown, South Carolina, USA. It was not 
possible to record data blind because our study involved focal animals in the field. U. 
pugilator generally aggregates into herds to deposit-feeds on sediments during low tide 
(Pratt et al. 2002). Herds are commonly mixed-sex and can be hundreds to thousands of 
individuals in size. U. pugilator were sampled by walking quickly toward the 
aggregations of crabs located low down on the shore, some distance away from their 
burrows (thus eliminating any chance that they could escape by entering burrows), and 
scooping individuals into plastic buckets. This approach was repeated from opposite 
directions in order to prevent differential escape by sex or size (Pratt et al. 2002). 
2.2 LAB BEHAVIORAL ASSAYS  
We followed previously methods that have previously been used to quantify 
activity levels in this species (Decker and Griffen 2012), as well as in other aggregating 
species, including sheep (Sibbald et al. 2009) and fish (Cote et al. 2013). Behavioral tests 
were administered within 24 hours of collecting the individual to ensure that the 
physiological/energetic state was not substantially altered. An open field test (Archer 
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1973) was employed to assay activity or exploratory behavior in a novel environment on 
a single individual at a time. This assessment commonly uses an enclosed arena with 
marked grids to develop a quantitative measure of general exploration activity. For our 
study, the enclosure was a rectangle glass aquarium [55x30x35cm] with sides covered 
with opaque plastic to discourage any external visual influence on the behavior of the 
individual. 
We first removed the organic content of the sediment by placing it into a furnace 
at 550ºC for 5 hours in order to discourage any influence of foraging on the exploratory 
behavior. The bottom of the aquarium was covered with a uniform distribution of 
sediment approximately 2cm thick in which eight equal size quadrats (area ≈ 206cm2) 
were marked. Filtered seawater was then added because fiddler crabs require sediment 
with high water content for natural functioning (Reinsel and Rittschof 1995). 
U. pugilator were released independently (n=224) into the aquarium underneath 
an opaque plastic cup for ten minutes to ensure acclimation. After the allotted time, the 
cup was raised remotely using a rigged pulley system to guarantee no disruption to the 
animal’s behavior by an observer. The assessment extended for ten minutes during which 
a video camera was used to collect movements between quadrats. Through video 
analysis, a searching space was acquired as the quantitative measure of an individual’s 
general exploratory behavior. Searching space was defined as the number of quadrats 
entered by the crab’s full body with allowance for re-entry.  Therefore, a crab could have 
a quadrat count larger than the eight quadrats present in the aquarium if the individual 
actively explored the novel environment. For each individual, we also noted the sex and 
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measured its size in carapace width. Carapace width ranged from 11.4mm to 21.3mm and 
sex counts were equivalent.  
These searching space trials were conducted on separate individuals, with 8-16 
crabs tested per day (crabs tested on the same day were treated as a block, total of 25 
daily blocks).  From this daily group, we retained the individuals with the upper and 
lower 25% of searching space values as representative of the active and less active 
extreme personalities, respectively (n=51 of each personality extreme). Crabs were 
marked on the carapace using nail polish (e.g. different colors for active and less active 
personalities). A preliminary study indicated that nail polish did not alter the behavior of 
U. pugilator (paired sample t-test comparing observations of no-polish and polish-
treatments: p=0.071; equivalence test using two one-sided test (TOST) approach: null 
hypothesis is not rejected; there was a non-significant increase in activity levels on the 
second observation that may have resulted from familiarity with the chamber) (Knotts, 
unpubl. data).  These retained crabs were then used to assess the impacts of personality 
on spatial positioning in a herd as explained below. 
2.3 FIELD SPATIAL POSITIONING 
U. pugilator (those with the daily upper and lower extremes of searching space as 
measured above) were returned to the field within 24 hours of the first interactions during 
low tide, and were released into pre-existing herds of conspecifics that were foraging on 
the exposed mudflats.  
All individuals on a given day were released back onto the mudflat at the same 
moment by placing them all under a single cover and then raising this cover up remotely. 
After disturbing the herds during initial setup, we remained motionless until fiddler crabs 
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within the herd resumed their feeding behavior prior to lifting the cover to release the 
marked crabs (2-10 minutes, personal observation) (McLain et al. 2005). The number of 
released crabs in one session ranged from four to six fiddler crabs. Following release, we 
assessed the location of each marked crab within the herd by observing the crabs using 
binoculars from a stationary point that was initially 2-3 meters from the nearest edge of 
the herd, so as not to disturb the herd. Proximity to the herd varied throughout the 
observation period depending on herd movement.  An individual was tracked using its 
sex and carapace color as indicators for specific crab identification. The location 
assessment of the marked crab was characterized by the individual’s position (edge vs. 
center) within the herd. Animal groupings often exhibit distinct patterns such as sharply 
defined edges, shape, and spacing between individuals (Viscido et al. 2005). Natural U. 
pugilator herds are often characterized by densely packed individuals in the middle with 
thinning towards the edge, but still remaining near each other as a cohesive group. Using 
this information, the crab was considered to be on the edge of a herd if there were less 
than four other individuals within three body lengths of the focal crab and/or at the edge 
of a densely packed herd. Otherwise, the individual was considered to be in the interior of 
the herd. These observations took place every three minutes for one hour or until all 
marked U. pugilator were lost from sight (38.71 min ± 9.39 min, mean ± SD).  
Analyses were conducted with the statistical program R, v.3.1.0. We analyzed the 
data using a generalized linear model (binomial distribution with logit link function) with 
the proportion of observations for each crab where it was observed on the edge of a herd 
as the response variable, and with the following fixed factors: activity level, carapace 
width, and sex, and with the number of observations made during the field session as a 
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weighting factor. We initially included release date as a random blocking factor in a 
generalized linear mixed-effects model (Bates et al. 2015); however, this term had no 
effect on model results (determined using AIC) and so data were pooled across all 
sampling dates to produce the generalized linear model described above. We selected 
these fixed factors because they characterize phenotypic variation that has previously 
been found to explain spatial population structure and large-scale organization (Clobert et 
al. 2009, Michelena et al. 2009). Initially, a full model was developed to include all main 
effects and interactions. This model was then simplified using the step function of R, 
which is based on Akaike information criterion (AIC) in order to produce the best-fit and 
most parsimonious model.  
2.4 MODEL TO EXPLORE MECHANISM 
We conducted an individual-based simulation model to explore the potential 
mechanistic link between an individual’s personality type and its spatial location within a 
herd.  The model description below follows the ODD (overview, design concepts, and 
details) protocol for describing agent-based models (Grimm and Railsback 2005, Grimm 
et al. 2006). The model was implemented in NETLOGO v. 5.0.5 (Wilensky 1999). 
-Purpose. This model was not meant to quantitatively reflect field conditions, but was 
designed to evaluate qualitatively whether differences in spatial position within a herd 
could emerge from differences in individual movement associated with active 
personalities independent of a conscious choice about location within a herd by 
individuals. The explored mechanism was that active individuals advanced a greater 
distance than less active individuals, consistent with our laboratory observations. 
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-Entities, State Variables, and Scales. The entities of the model were individuals of 
varying exploratory behaviors/personalities that followed simple selfish-herding rules 
within herds that moved through a uniform habitat. Movement distance of individuals 
was dictated by their personality variable as described below. State variables of each 
modeled individual included its personality, the herd group they belonged to, and 
herdmates they followed. These last two variables were used in the model to direct 
herding behavior of individuals as described below. Spatial and temporal aspects of the 
model were not specified since this model was generic. Simulations were run for 1000 
time steps with a population of 200 individuals.  
-Process Overview and Scheduling. At each time step, modeled individuals moved 
towards the closest herd. This simple procedure yielded dynamic herds that were similar 
to natural herds in the field, with individuals packed densely in the middle of the herd, 
and the density of individual thinning towards the edge of a herd.  This pattern was 
exploited at each time step to assess whether each modeled individual was on the edge or 
in the middle of a herd.  Specifically, after movement during each time step was 
complete, individuals were considered to be on the edge of a herd if there were less than 
four other individuals within a two-unit radius of the focal individual. Otherwise, it was 
considered to be in the middle of the herd. A sensitivity analysis found that model output 
was qualitatively similar if other radii (i.e. unit-radius=1.5, 4, 8, 12) were used to define 
edge vs. center. 
-Design Concepts. 
Interaction – Modeled individuals interacted simply by directing their movement 
towards groups of other individuals. Previous work with flocking birds has shown that 
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individuals remain in a group by tracking the location of just 6-7 closest neighbors 
(Ballerini et al. 2008a).  Each modeled individual here therefore adjusted its bearing at 
each time step towards the mean of the seven closest individuals that were within its 
vision radius (set to 20 model cells). Unless the vision radius was set the extreme value of 
1-2 model cells, varying the vision radius did not alter the results. 
Stochasticity – Crabs were placed at random locations when the model was initialized. 
Additionally, the orders in which crabs readjusted their headings and moved was 
randomly shuffled each time step to avoid bias from the advantage of moving first.  
Observation – Outputs used for analysis from each of the 1000 simulations included the 
proportion of highly exploratory crabs and proportion of non-exploratory crabs at the 
edge of a herd, as well as a histogram of the crab personality distribution. The 
proportions of extreme behavior types were determined by taking the 25% upper and 
lower activity levels, the same as in the field. 
-Initialization. Simulations were conducted with 200 individuals. The personality of each 
individual was assigned randomly using a value drawn from an exponential distribution 
with a mean of 6.5, mimicking the distribution of personality types observed from our lab 
measurements described above (Wilcoxon Ranked-Sum test for comparison observed 
actual distribution and modeled distribution means: p=0.083 and F-test for comparison of 
variance of distributions: p=0.085). This assignment simulated a spectrum of different 
personality types from which the upper and lower 25% of the distribution were analyzed 
in order to be consistent with methods used in collection of lab/field data described 
above. 
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-Input Data. The environment was assumed to be constant. Therefore, the model had no 
input data. 
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CHAPTER 3 
RESULTS 
3.1 LAB BEHAVIOR ASSAYS 
Using the lab behavioral assessment (n=224), we found that U. pugilator 
personalities were skewed toward less active individuals with a long tail, suggesting 
relatively few very active or exploratory individuals (Fig. 3.1). 
3.2 FIELD SPATIAL POSITIONING 
Model simplification based on AIC indicated that the proportion of time spent at 
the edge of a herd by marked crabs was best explained using personality as the only 
explanatory factor (Table 3.1).  Specifically, there was a significant difference between 
the extreme personalities in the proportion of time spent on the edge of the herd 
(p<0.001, null deviance = 183.12 with 101 degrees of freedom and residual deviance = 
124.32 with 100 degrees of freedom, Fig. 3.2). Active individuals were at the periphery 
about 50% more of the time than less active individuals.  
3.3 MODEL TO EXPLORE MECHANISM 
The model based on personality-dependent movement rates qualitatively 
replicated observed field patterns: highly active individuals spent a higher proportion of 
time at the periphery of the herd than less active individuals (Fig. 3.3). Quantitative 
results varied with parameter values (e.g., the visual field of the modeled individuals, the 
initial population, the number of neighbors that modeled individuals tracked, the radius
15 
 
used to define center versus edge), but this did not change the overall pattern of active 
individuals being at the edge more than less active individuals.  
16 
 
 
 
Figure 3.1 Frequency distribution of the searching space (i.e. number of quadrats visited) 
Uca pugilator explored during the lab behavior assessment (n=224). 
 
 
 
  
17 
 
Table 3.1 Model selection analysis for the effects of activity level (i.e. activity), carapace 
width, and sex on the proportion of time spent at the edge of a herd (i.e. Prop Location). 
a) Stepwise-selection approach for model selection based on AIC using the step 
function of R. The best-fit and most parsimonious model is bolded. The colon (:) 
represents an interaction between the parameters it is linking. All main effects were 
included in models containing interactions. b) Output from the best-fit model. The 
asterisk (***) represents <0.001 significance 
 
 
a) Information theoretic approach for model selection 
Model Type General Model AIC 
Null Model Prop Location~1 474.89 
Generalized 
Mixed-Effects 
Model 
Prop Location~Activity:Carapace Width:Sex:(1|Date) 
 
428.50    
Generalized Linear 
Model 
Prop Location~Activity:Carapace Width:Sex 
 
427.68 
Generalized Linear 
Model 
Prop Location~Activity:Carapace Width +Activity:Sex + Carapace 
Width:Sex 
 
425.69 
Generalized Linear 
Model 
Prop Location~Activity:Sex + Carapace Width:Sex 
 
423.69 
Generalized Linear 
Model 
Prop Location~Activity + Carapace Width:Sex 
 
421.70 
Generalized Linear 
Model 
Prop Location~Activity + Carapace Width + Sex  
 
419.99 
Generalized Linear 
Model 
Prop Location ~ Activity + Carapace Width 418.12 
Generalized 
Linear Model 
Prop Location~Activity 418.53 
b) Model Output for best-fit model 
Parameter Estimate Standard Error p Value 
Activity -0.83886     0.113 <0.001 *** 
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Figure 3.2 Boxplot showing the proportion of time at the edge of the herd for the two 
extreme behavior types of Uca pugilator (n=102; 51 per personality).  The horizontal line 
is the median, with the box including the upper and lower quartiles of the data.  The 
whiskers encompass 95% of the data, and the individual data points indicate outliers. 
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Figure 3.3 Boxplots showing proportion of time at the edge of the herd for the two 
extreme behavior types of modeled individuals within the individual-based simulation 
model (replication=1000).  
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CHAPTER 4 
DISCUSSION 
We have demonstrated that active individuals are significantly more prone to be 
found on the periphery of U. pugilator herds while less active individuals tend to be 
found in the interior. Our model demonstrated that such positioning within a herd can be 
explained by simple differences in activity levels among individuals. Therefore, spatial 
positioning does not necessarily reflect active choice of relative location.  
Personality distribution is an important factor to evaluate within a population 
because of its potential to influence dispersal (Dyer et al. 2009; Clobert et al. 2009; Cote 
et al. 2010; Cote et al. 2012; Keiser et al. 2014) and other population processes. As 
studied here, the personality distribution of the North Inlet U. pugilator herds were 
greatly shifted toward less active individuals. This is consistent with previously 
documented personality distributions at this same site (Decker and Griffen 2012).  The 
predominance of less active individuals could reflect greater predation on periphery (i.e. 
more active) crabs during each generation, if predation was intense enough. For U. 
pugilator, predators (e.g. crabs, birds) frequently target members at the periphery of the 
group (Hamilton 1971; McLain et al. 2003; personal observation). Alternatively, the 
observed distribution may reflect the natal distribution of personalities and may therefore 
be an evolved population characteristic. Future studies could further examine whether 
predation shifts the distribution of personality-types by quantifying predation risk 
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experienced by individuals with different activity levels and that are located at different 
spatial positions within a herd.   
The relative abundance of active and less active individuals within herding 
populations may be a factor contributing to herd size. Herd size is capable of being linked 
to multiple factors including local population density and structure of landscape (Gerard 
and Loisel 1995). The amount of time spent on the periphery of a herd could influence 
the behavior of an individual. As a result, this could potentially establish a positive 
feedback that helps to maintain animal personalities (Sih et al. 2015). As herd size varies, 
the amount of area on the periphery vs. in the center of the herd varies.  More 
specifically, the periphery:center ratio is inversely related to herd size.  Thus, it may be 
expected that the greater the proportion of low exploratory individuals, the larger will be 
the selfish herd; whereas if the personality distribution were shifted towards active 
individuals, herd size may be expected to decrease on average. This would be consistent 
with previous findings that bold sheep split into subgroups with smaller group sizes 
(Michelena et al. 2009).  
Results of our model simulation illustrate how complex patterns can emerge from 
simple behavioral rules when these rules depend on personality type.  Previous work 
shows that group properties and spatial dynamics in gregarious species can emerge from 
dynamics associated with individual personality (Couzin et al. 2005; Dyer et al. 2009; 
Harcourt et al. 2009; Cote et al. 2010; Cote et al. 2012; Keiser et al. 2014). Our field 
sampling supports these previous findings.  However, our model demonstrates that 
complex patterns can emerge when individuals have personality-dependent behavior 
rules, and that complex patterns need not depend on active choice by individuals. Many 
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previous studies have employed simple or complex movement rules to model selfish 
herding (Viscido et al. 2002; James et al. 2004; Reluga and Viscido 2005; Morrell et al. 
2010), but these models did not incorporate personality into the behavioral rules.  
Identifying personality-specific behavioral rules and building these rules into ecological 
theory may therefore enhance our ability to understand not only group dynamics such as 
selfish herding, but also ubiquitous ecological processes such as foraging or predator 
avoidance. 
 
 
23 
 
REFERENCES 
Archer J. 1973. Tests for emotionality in rats and mice: a review. Anim Behav. 21:205-
235. 
 
Ballerini M, Cabibbo N, Candelier R, Cavagna A, Cisbani E, Giardina I, Lecomte V, 
Orlandi A, Parisi G, Procaccini A, Viale M, Zdravkovic V. 2008a. Interaction 
ruling animal collective behavior depends on topological rather than metric 
distance: evidence from a field study. P Natl Acad Sci USA. 105:1232e1237 
 
Ballerini M, Cabibbo N, Candelier R, Cavagna A, Cisbani E, Giardina I, Orlandi A, 
Parisi G, Procaccini A, Viale M, Zdravkovic V. 2008b. Empirical investigation of 
starling flocks: a benchmark study in collective animal behaviour. Anim. Behav. 
76:201–215 
 
Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models 
using lme4. J Stat Softw. 67:1-48. 
 
Bell AM, Sih A. 2007. Exposure to predation generates personality in threespined 
sticklebacks (Gasterosteus aculeatus). Ecol Lett. 10:828-834. 
 
Briffa M, Rundle SD, Fryer A. 2008. Comparing the strength of behavioural plasticity 
and consistency across situations: animal personalities in the hermit crab Pagurus 
bernhardus. P Roy Soc B-Biol Sci. 275:1305-1311. 
 
Briffa M, Weiss A. 2010. Animal personality. Curr Biol. 20:R912-R914. 
 
Briffa M, Greenaway J. 2011. High In Situ Repeatability of Behaviour Indicates Animal 
Personality in the Beadlet Anemone Actinia equina (Cnidaria). Plos Biol. 
6:e21963 
 
Bumann D, Krause J, Rubenstein D. 1997. Mortality risk of spatial positions in animal 
groups: the danger of being in the front. Behaviour. 134:1063–1076. 
 
Clobert J, Le Galliard JF, Cote J, Meylan S, Massot M. 2009. Informed dispersal, 
heterogeneity in animal dispersal syndromes and the dynamics of spatially 
structured populations. Ecol Lett. 12:197-209. 
 
Cote J, Clobert J, Brodin T, Fogarty S, Sih A. 2010. Personality-dependent dispersal: 
characterization, ontogeny and consequences for spatially structured populations. 
Philos Trans R Soc B. 365:4065-4076.
24 
 
Cote J, Fogarty S, Sih A. 2012. Individual sociability and choosiness between shoal 
types. Anim Behav. 83:1469-1476. 
 
Cote J, Fogarty S, Tymen B, Sih A, Brodin T. 2013. Personality-dependent dispersal 
cancelled under predation risk. P Roy Soc B-Biol Sci. 280:20132349. 
 
Couzin ID, Krause J, James R, Ruxton GD, Franks NR. 2002. Collective memory and 
spatial sorting in animal groups. J Theor Biol. 218:1-11. 
 
Couzin ID, Krause J. 2003. Self-organization and collective behavior in vertebrates. Adv 
Stud Behav. 32:1-75. 
 
Couzin ID, Krause J, Franks NR, Levin SA. 2005. Effective leadership and decision-
making in animal groups on the move. Nature 433:513-516. 
 
Crane J. 1975. Fiddler Crabs of the World. Princeton, NJ: Princeton University Press. 
 
Decker RA, Griffen BD. 2012. Correlating context-specific boldness and physiological 
condition of female sand fiddler crabs (Uca pugilator). J Ethol. 30:403-412. 
 
Dingemanse NJ, Both C, Drent PJ, Tinbergen JM. 2004. Fitness consequences of avian 
personalities in a fluctuating environment.P Roy Soc B-Biol Sci 271:847-852. 
 
Dingemanse NJ, Kazem AJ, Réale D, Wright J. 2010. Behavioural reaction norms: 
animal personality meets individual plasticity. Trends Ecol Evol. 25:81-89. 
 
Ducatez S, Legrand D, Chaput-Bardy A, Stevens VM, Freville H, Baguette M. 2012. 
Inter‐individual variation in movement: is there a mobility syndrome in the large 
white butterfly Pieris brassicae? Ecol Entomol. 37:377-385. 
 
Dyer JR, Croft DP, Morrell LJ, Krause J. 2009. Shoal composition determines foraging 
success in the guppy. Behav Ecol. 20:165-171. 
 
Fraser DF, Gilliam JF, Daley MJ, Le AN, Skalski GT. 2001. Explaining leptokurtic 
movement distributions: intrapopulation variation in boldness and exploration. 
Am Nat. 158:124-135. 
 
Gerard JF, Loisel P. 1995. Spontaneous emergence of a relationship between habitat 
openness and mean group size and its possible evolutionary consequences in large 
herbivores. J Theor Biol. 176:511-522. 
 
Giardina I. 2008. Collective behavior in animal groups: Theoretical models and empirical 
studies. HFSP J. 2:205-219. 
 
Grimm V, Railsback SF. 2005 Individual-based modeling and ecology. Princeton, NJ: 
Princeton University Press. 
25 
 
 
Grimm V, Berger U, Bastiansen F, Eliassen S, Ginot V, Giske J, Goss-Custard J, Grand 
T, Heinz SK, Huse G, Huth A, Jepsen JU, Jørgensen C, Mooij WM, Müller B, 
Pe’er G, Piou C, Railsback SF, Robbins AM, Robbins MM, Rossmanith E, Rüger 
N, Strand E, Souissi S, Stillman RA, Vabø R, Visser U, DeAngelis DL. 2006. A 
standard protocol for describing individual-based and agent-based models. Ecol 
Model. 198:115-126. 
 
Hamilton WD. 1971. Geometry for the Selfish Herd. J Theor Biol. 31:295–311 
 
Harcourt JL, Ang TZ, Sweetman G, Johnstone RA, Manica A. 2009. Social feedback and 
the emergence of leaders and followers. Curr Biol. 19:248-252. 
 
Hirsch BT. 2007. Costs and benefits of within‐group spatial position: A feeding 
competition model. Q Rev Biol. 82:9-27. 
 
Hirsch BT, Morrell LJ. 2011. Measuring marginal predation in animal groups. Behav 
Ecol. 22:648-656. 
 
James R, Bennett PG, Krause J. 2004. Geometry for mutualistic and selfish herds: the 
limited domain of danger. J Theor Biol. 228:107-113. 
 
Keiser CN, Pruitt JN. 2014. Personality composition is more important than group size in 
determining collective foraging behaviour in the wild. Proc Roy Soc B. 
281:20141424. 
 
Krause J. 1994. Differential fitness returns in relation to spatial position in groups. Biol 
Rev Cam Phil Soc. 69:187. 
 
Kurvers RH, Prins HH, van Wieren SE, van Oers K, Nolet BA, Ydenberg RC. 2010. The 
effect of personality on social foraging: shy barnacle geese scrounge more. P Roy 
Soc B-Biol Sci. 277:601-608. 
 
Leblond C, Reebs SG. 2006. Individual leadership and boldness in shoals of golden 
shiners (Notemigonus crysoleucas). Behaviour. 143:1263-1280. 
 
McLain DK, Pratt AE, Berry AS. 2003. Predation by red-jointed fiddler crabs on 
congeners: interaction between body size and positive allometry of the sexually 
selected claw. Behav Ecol. 14:741-747. 
 
McLain DK, Pratt AE, Kirschstein K. 2005. Predator-driven fragmentation of fiddler crab 
droves into selfish miniherds of biased composition. J Exp Mar Biol Ecol. 315:1-
15. 
 
26 
 
Michelena P, Sibbald AM, Erhard HW, McLeod JE. 2009. Effects of group size and 
personality on social foraging: the distribution of sheep across patches. Behav 
Ecol. 20:145-152. 
 
Morrell LJ, Ruxton GD, James R. 2010. Spatial positioning in the selfish herd. Behav 
Ecol. 22:16-22. 
 
Okamura B. 1986. Group living and the effects of spatial position in aggregations of 
Mytilus edulis. Oecologia. 69:341–347. 
 
Pintor LM, Sih A, Bauer ML. 2008. Differences in aggression, activity and boldness 
between native and introduced populations of an invasive crayfish. Oikos. 
117:1629-1636. 
 
Pratt AE, McLain DK, Kirschstein K. 2002. Intrageneric predation by fiddler crabs in 
South Carolina. J Crustacean Biol. 22:59-68. 
 
Rayor LS, Uetz GW. 1990. Trade-offs in foraging success and predation risk with spatial 
position in colonial spiders. Behav Ecol Sociobiol. 27:77–85. 
 
Réale D, Reader SM, Sol D, McDougall PT, Dingemanse NJ. 2007. Integrating animal 
temperament within ecology and evolution. Biol Rev. 82:291-318. 
 
Reinsel KA, Rittschof D. 1995. Environmental regulation of foraging in the sand fiddler 
crab Uca pugilator (Bosc 1802). J Exp Mar Biol Ecol. 187:269-287. 
 
Reluga TC, Viscido S. 2005. Simulated evolution of selfish herd behavior. J Theor Biol 
234:213-225. 
 
Romey WL, Walston AR, Watt PJ. 2008. Do 3-D predators attack the margins of 2-D 
selfish herds?. Behav Ecol. 19:74-78. 
 
Schuett W, Tregenza T, Dall SR. 2010. Sexual selection and animal personality. Biol 
Rev. 85:217-246. 
 
Sibbald AM, Erhard HW, McLeod JE, Hooper RJ. 2009. Individual personality and the 
spatial distribution of groups of grazing animals: an example with sheep. Behav 
Process. 82:319-326. 
 
Sih A, Mathot KJ, Moirón M, Montiglio PO, Wolf M, Dingemanse NJ. 2015. Animal 
personality and state-behaviour feedbacks: a review and guide for empiricists. 
Trends Ecol Evol 30:50-60. 
 
Smith BR, Blumstein DT. 2008. Fitness consequences of personality: a meta-analysis. 
Behav Ecol. 19:448-455. 
 
27 
 
Stamps JA. 2007. Growth‐mortality tradeoffs and ‘personality traits’ in animals. Ecol 
Lett. 10:355-363. 
 
Sumpter DJ. 2006. The principles of collective animal behaviour. Philos Trans R Soc B. 
361:5-22. 
 
Vine I. 1971. Risk of visual detection and pursuit by a predator and selective advantage 
of flocking behaviour. J Theor Biol. 30:405–422. 
 
Viscido SV, Miller M, Wethey DS. 2001. The response of a selfish herd to an attack from 
outside the group perimeter. J Theor Biol. 208:315-328. 
 
Viscido SV, Wethey DS. 2002. Quantitative analysis of fiddler crab flock movement: 
evidence for ‘selfish herd’ behaviour. Anim Behav. 63:735-741. 
 
Viscido SV, Miller M, Wethey DS. 2002. The dilemma of the selfish herd: the search for 
a realistic movement rule. J Theor Biol. 217:183-194. 
 
Viscido SV, Parrish JK, Grünbaum D. 2005. The effect of population size and number of 
influential neighbors on the emergent properties of fish schools. Ecol 
Model. 183:347-363. 
 
Whitten MJ. 2014. GIS mapping of raccoon (Procyon lotor) trails and associated 
invertebrate and vertebrate traces in storm-washover fans, St. Catherines Island, 
Georgia. Emory University Thesis, 36 pp. 
 
Wilensky U. 1999. NETLOGO. Center for Connected Learning and Computer-Based 
Modeling, Northwestern University, Evanston, IL. See 
http://ccl.northwestern.edu/netlogo. 
 
Wilson AD, McLaughlin RL. 2007. Behavioural syndromes in brook charr, Salvelinus 
fontinalis: prey-search in the field corresponds with space use in novel laboratory 
situations. Anim Behav. 74:689-698. 
 
Wilson AD, Godin JGJ. 2009. Boldness and behavioral syndromes in the bluegill sunfish, 
Lepomis macrochirus. Behav Ecol. 20:231-237.Wilson AD, Godin JGJ, Ward AJ. 
2010. Boldness and reproductive fitness correlates in the eastern mosquitofish, 
Gambusia holbrooki. Ethology. 116:96-104. 
 
Wilson AD, Godin JGJ, Ward AJ. 2010. Boldness and reproductive fitness correlates in 
the eastern mosquitofish, Gambusia holbrooki. Ethology. 116:96-104. 
 
Wolf M, Van Doorn GS, Leimar O, Weissing FJ. 2007. Life-history trade-offs favour the 
evolution of animal personalities. Nature. 447:581-584. 
 
28 
 
Wolf M, Weissing FJ. 2012. Animal personalities: consequences for ecology and 
evolution. Trends Ecol Evol. 27:452-461. 
 
Wood GW, Roark ND. 1980. Food habits of feral hogs in coastal South Carolina. J 
Wildlife Management. 44:506-511. 
 
29 
 
APPENDIX A: PERMISSION TO REPRINT 
SPRINGER LICENSE 
TERMS AND CONDITIONS 
Mar 21, 2016 
 
 
 
This is a License Agreement between Eilea R Knotts ("You") and Springer ("Springer") 
provided by Copyright Clearance Center ("CCC"). The license consists of your order 
details, the terms and conditions provided by Springer, and the payment terms and 
conditions. 
All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 
License Number 3818320548939 
License date Feb 29, 2016 
Licensed content 
publisher 
Springer 
Licensed content 
publication 
Behavioral Ecology and Sociobiology 
Licensed content title Individual movement rates are sufficient to determine and maintain 
dynamic spatial positioning within Uca pugilator herds 
Licensed content 
author 
Eilea R. Knotts 
Licensed content 
date 
Jan 1, 2016 
Type of Use Thesis/Dissertation 
Portion Full text 
Number of copies 1 
Author of this 
Springer article 
Yes and you are a contributor of the new work 
Order reference 
number 
None 
Title of your thesis / 
dissertation 
INDIVIDUAL MOVEMENT RATES ARE SUFFICIENT TO DETERMINE AND 
MAINTAIN DYNAMIC SPATIAL POSITIONING WITHIN UCA PUGILATOR 
HERDS 
Expected completion date May 2016 
30 
 
Estimated size(pages) 28 
Total 0.00 USD  
Terms and Conditions  
 
Introduction 
The publisher for this copyrighted material is Springer. By clicking "accept" in 
connection with completing this licensing transaction, you agree that the following 
terms and conditions apply to this transaction (along with the Billing and Payment terms 
and conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that 
you opened your Rightslink account and that are available at any time 
at http://myaccount.copyright.com). 
Limited License 
With reference to your request to reuse material on which Springer controls the 
copyright, permission is granted for the use indicated in your enquiry under the 
following conditions: 
- Licenses are for one-time use only with a maximum distribution equal to the number 
stated in your request. 
- Springer material represents original material which does not carry references to other 
sources. If the material in question appears with a credit to another source, this 
permission is not valid and authorization has to be obtained from the original copyright 
holder. 
- This permission 
• is non-exclusive 
• is only valid if no personal rights, trademarks, or competitive products are infringed. 
• explicitly excludes the right for derivatives. 
- Springer does not supply original artwork or content. 
- According to the format which you have selected, the following conditions apply 
accordingly: 
• Print and Electronic: This License include use in electronic form provided it is 
password protected, on intranet, or CD-Rom/DVD or E-book/E-journal. It may not be 
republished in electronic open access. 
• Print: This License excludes use in electronic form. 
• Electronic: This License only pertains to use in electronic form provided it is 
password protected, on intranet, or CD-Rom/DVD or E-book/E-journal. It may not be 
republished in electronic open access. 
For any electronic use not mentioned, please contact Springer at 
permissions.springer@spi-global.com. 
- Although Springer controls the copyright to the material and is entitled to negotiate on 
rights, this license is only valid subject to courtesy information to the author (address is 
given in the article/chapter). 
- If you are an STM Signatory or your work will be published by an STM Signatory and 
you are requesting to reuse figures/tables/illustrations or single text extracts, permission 
is granted according to STM Permissions Guidelines: http://www.stm-
assoc.org/permissions-guidelines/ 
For any electronic use not mentioned in the Guidelines, please contact Springer 
 
31 
 
atpermissions.springer@spi-global.com. If you request to reuse more content than 
stipulated in the STM Permissions Guidelines, you will be charged a permission fee for 
the excess content. 
Permission is valid upon payment of the fee as indicated in the licensing process. If 
permission is granted free of charge on this occasion, that does not prejudice any rights 
we might have to charge for reproduction of our copyrighted material in the future. 
-If your request is for reuse in a Thesis, permission is granted free of charge under the 
following conditions: 
This license is valid for one-time use only for the purpose of defending your thesis and 
with a maximum of 100 extra copies in paper. If the thesis is going to be published, 
permission needs to be reobtained. 
- includes use in an electronic form, provided it is an author-created version of the thesis 
on his/her own website and his/her university’s repository, including UMI (according to 
the definition on the Sherpa website: http://www.sherpa.ac.uk/romeo/); 
- is subject to courtesy information to the co-author or corresponding author. 
Geographic Rights: Scope 
Licenses may be exercised anywhere in the world. 
Altering/Modifying Material: Not Permitted 
Figures, tables, and illustrations may be altered minimally to serve your work. You may 
not alter or modify text in any manner. Abbreviations, additions, deletions and/or any 
other alterations shall be made only with prior written authorization of the author(s). 
Reservation of Rights 
Springer reserves all rights not specifically granted in the combination of (i) the license 
details provided by you and accepted in the course of this licensing transaction and (ii) 
these terms and conditions and (iii) CCC's Billing and Payment terms and conditions. 
License Contingent on Payment 
While you may exercise the rights licensed immediately upon issuance of the license at 
the end of the licensing process for the transaction, provided that you have disclosed 
complete and accurate details of your proposed use, no license is finally effective unless 
and until full payment is received from you (either by Springer or by CCC) as provided 
in CCC's Billing and Payment terms and conditions. If full payment is not received by 
the date due, then any license preliminarily granted shall be deemed automatically 
revoked and shall be void as if never granted. Further, in the event that you breach any 
of these terms and conditions or any of CCC's Billing and Payment terms and 
conditions, the license is automatically revoked and shall be void as if never granted. 
Use of materials as described in a revoked license, as well as any use of the materials 
beyond the scope of an unrevoked license, may constitute copyright infringement and 
Springer reserves the right to take any and all action to protect its copyright in the 
materials. 
Copyright Notice: Disclaimer 
You must include the following copyright and permission notice in connection with any 
reproduction of the licensed material: 
"Springer book/journal title, chapter/article title, volume, year of publication, page, 
name(s) of author(s), (original copyright notice as given in the publication in which the 
material was originally published) "With permission of Springer" 
32 
 
In case of use of a graph or illustration, the caption of the graph or illustration must be 
included, as it is indicated in the original publication. 
Warranties: None 
Springer makes no representations or warranties with respect to the licensed material 
and adopts on its own behalf the limitations and disclaimers established by CCC on its 
behalf in its Billing and Payment terms and conditions for this licensing transaction. 
Indemnity 
You hereby indemnify and agree to hold harmless Springer and CCC, and their 
respective officers, directors, employees and agents, from and against any and all claims 
arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
No Transfer of License 
This license is personal to you and may not be sublicensed, assigned, or transferred by 
you without Springer's written permission. 
No Amendment Except in Writing 
This license may not be amended except in a writing signed by both parties (or, in the 
case of Springer, by CCC on Springer's behalf). 
Objection to Contrary Terms 
Springer hereby objects to any terms contained in any purchase order, acknowledgment, 
check endorsement or other writing prepared by you, which terms are inconsistent with 
these terms and conditions or CCC's Billing and Payment terms and conditions. These 
terms and conditions, together with CCC's Billing and Payment terms and conditions 
(which are incorporated herein), comprise the entire agreement between you and 
Springer (and CCC) concerning this licensing transaction. In the event of any conflict 
between your obligations established by these terms and conditions and those 
established by CCC's Billing and Payment terms and conditions, these terms and 
conditions shall control. 
Jurisdiction 
All disputes that may arise in connection with this present License, or the breach 
thereof, shall be settled exclusively by arbitration, to be held in the Federal Republic of 
Germany, in accordance with German law. 
Other conditions: 
V 12AUG2015 
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) 
or +1-978-646-2777. 
 
  
 
 
 
 
